Abstract. Micrometre long nanoribbons have been grown from solutions of functionalized poly(para-phenyleneethynylene)s (PPE)s on noncrystalline insulating substrates including glass and carbon coated copper grids. Tapping mode scanning force microscopy (SFM) and transmission electron microscopy (TEM) revealed that these nanostructures possess a molecular cross section with a typical thickness of 2-3 molecular layers and a width which reflects the distribution of macromolecular lengths. The ribbons are therefore quite similar to the ones found on the crystalline mica substrate except that they are not oriented within the surface plane. This indicates that the growth of these architectures from solution is mainly governed by intermolecular interactions between the π-conjugated macromolecules. The possibility to self-assemble these nanoribbons also on amorphous silica opens a prospect for their application as molecular nanowires bridging gold nanoelectrodes grown on oxidized silicon wafers.
Introduction
Conjugated macromolecules are a class of semiconductors that combine the electronic and optical properties of semiconductors with the processing advantages and mechanical properties of polymers [1] . They have been used recently to develop molecular optoelectronic devices such as FETs [2] and LEDs [3] by depositing relatively thick organic layers (in the 100 nm range) on a centimetre-size electrode and covering it with a conductive lid, that acts as the second electrode. Moreover, π -conjugated polymers and oligomers and particularly phenyleneethynylene derivatives are stiff molecular systems [4] . In the latter case the skeletons are composed of alternating sp hybridized carbon atoms and phenyl rings (figure 1). The rigidity plays a key role in the self-assembly of this kind of molecule at surfaces. Indeed, a previous study has shown that by casting diluted solutions of PPE onto muscovite mica it is possible to produce micrometre-long nanoribbons oriented along the crystallographic axes of the substrate, indicating a pseudoepitaxial type of growth [5, 6] . Our interest is in building a device, composed by two metallic nanoelectrodes, grown on an insulating substrate by electron beam lithography. The electrodes are separated by a gap in the 10 nm regime, which has to be filled by an organic nanostructure made of a few [4-[(N, N- 
molecules. This fabrication requires engineering down to the nanometre scale.
We report here on the self-assembly of endfunctionalized soluble PPE moieties into well-defined nanoribbons on amorphous solid substrates. SFM and TEM have been used for characterization. been attached to the backbone and protected by carbamoyl functionalities (figure 1) to increase the stability of the thiol functionality [7] . The number average of repeat units (DP) has been evaluated from 1 H-NMR analysis from the ratio of the signals of the end groups to the ones of the repeat units. Size exclusion chromatography (SEC) analysis was employed to determine the polydispersity (U = M w /M n ), where M w is the mass average molar mass and M n is the number average molar mass.
Experimental
Thin organic films have been prepared by casting a PPE solution in a mixture 3:1 of THF with 1-phenyloctane onto the basal plane of freshly cleaned glass substrates. The crystallization of the organic compounds takes place within a few days. These samples were investigated by SFM, using a Nanoscope IIIa (Digital Instruments, Santa Barbara, CA) set-up operating in tapping mode in an air environment at room temperature [8] . Constant force images have been acquired with scan rates of 1-2 lines/s and a resolution of 512 × 512 pixels using microfabricated silicon nanoprobes (length 125 µm and width 30 µm) with a spring constant between 17 and 64 N m −1 (Digital Instruments). The piezo, with a maximum xy scan range of 12 µm, was calibrated routinely in all three dimensions by imaging gold and mica surfaces. Surface profiles were quantified using the software of the Nanoscope apparatus.
TEM studies were carried out with an A 912 Omega TEM (Zeiss) at an acceleration voltage of 120 kV. The polymer solutions in THF were applied to 400-mesh carbon coated copper grids. The specimens were left to dry in air.
The nanoribbon widths for both SFM and TEM images were determined from individual profiles using Image Tools 1.27 software (public domain package developed by University of Texas, HSCSA, USA). Mean contour lengths of the molecules have been computed by molecular mechanics calculations using a commercial software package (DISCOVER VERSION 4.0.0, Biosym Technologies Inc., San Diego, CA). The total average length of the molecules was obtained from the length of the repeat unit (0.65 nm) and of the two carbamoyl end groups (being 1.1 nm and 1.0 nm long, respectively).
Results and discussions
SFM investigations of films processed by casting a very dilute polymer solution on a glass support reveal selfassembled solid nanoribbons (figure 2(a)) with a length in the micrometre range, lying flat on the substrate. The hexyl chains, whose length in an extended conformation spans over 1.9 nm, are probably packing similarly to the case on mica, i.e. they are standing perpendicular to the substrate in a disordered conformation [6] spanning only ∼1.5 nm long. The ribbon heights of (3.9±1.0) nm observed here suggest a packing of 2-3 molecular layers, albeit also multiple layers have been detected. The apparent width of these assemblies evaluated from individual profiles on SFM micrographs amounts to (41 ± 15) nm. The effective width can be calculated by deducting the broadening due to the finite size of the Si tip apex which is 2 = 2 √ h(2R − h) [5] . For a terminal radius of a clean new tip of R = (13 ± 7) nm, 2 amounts to (19 ± 6) nm. The true width of the nanoribbon, with a 6 nm error bar, is in fairly reasonable agreement with the macromolecular length of 11.2 nm (U = 2.34) considering that the terminal radius of the tip could get slightly broader after several scans.
Moreover, a TEM analysis has been executed on PPE films of different molecular weight cast on a carbon-coated copper grid. Nanoribbons have also been found ( figure 2(b) ), and the distribution of their widths was determined from profiles on TEM micrographs. A polymer with an average contour length of 7.9 nm (U = 1.92) exhibits a ribbon width of (10 ± 3) nm, while a macromolecule with a length of 16.4 nm (U = 2.65) forms ribbons of an average width of (15 ± 4) nm. These two distributions have been plotted in histograms in figure 3 . With increasing PPE length the peak of the experimental data shifts to higher values and the distribution of ribbon widths gets broader. The ribbon widths correlate well with the Schulz-Zimm theoretical distributions which describe the distribution of molecular weights for a polycondensation synthesis [9] . The mole fraction distribution is . k is the degree of coupling (in this case k = 2), r is the number of monomers (independent parameter) and (k) is the gamma function. The peak of the weight function distribution, in terms of spatial units, is in both cases similar to the peak of the histograms, indicating a good agreement between the most frequent ribbon width and the average molecular length obtained from 1 H-NMR analysis. In addition, a fairly good agreement between the width of the distribution of ribbon widths and the one of the SchulzZimm mole fraction distribution can be seen. This confirms that measuring the width of these nanostructures is an alternative route to evaluate the molecular weight distribution for this kind of polymer as previously demonstrated from an SFM investigation of PPE on mica [6] . The ribbon formation is expected to occur via a self-segregation of the macromolecule into ribbons made of segments with constant widths. Similar molecular architectures have been observed in continuous films of polydiacetylene [10] and poly(paraphenyleneethynylene) derivatives [11] . Our nanoribbons are very stable arrays under the electron beam of the electron microscope.
In summary, SFM and TEM applied to samples cast on different substrates, give rise to similar results in terms of the sizes of the nanoribbons in the XY plane while their heights have only been detected by SFM [12] . It is suggested that the nanoribbons are made of macromolecules oriented with their stiff backbones parallel to the substrate and the hexyl side chains perpendicular to the basal plane of the substrate. The backbones are stacked parallel to each other creating a ribbon of stacked π -conjugated polymers on the substrate (figure 4).
Conclusions
Conditions have been found leading to nanoribbons of conjugated polymers on amorphous substrates. The demonstrated ability to grow these architectures also on non-crystalline substrates indicates that the main driving force of this selfassembly are intermolecular interactions between the π -conjugated macromolecules. The substrate plays only a secondary role of inducing a particular orientation of these assemblies. Noteworthy, these polymeric arrays are molecular nanostructures that upon deprotection of thiol functions are ready to chemisorb to gold nanoprobes in a nanojunction. Furthermore, the transparency of the glass support opens the possibility to perform spectroscopical investigations like probing the birefringence and fluorescence of single nanoribbons using scanning near-field optical microscopy. This would allow determination of the physico-chemical properties of PPE on the nanoscopic level and their comparison with single molecular and solid state properties.
